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UNACCUSTOMED EXERCISE CONSISTING of lengthening (eccentric) contractions induces symptoms of muscle damage, such as muscle weakness and delayed onset muscle soreness (6, 29) . It is well known that a second bout of the same or similar eccentric exercise, performed as early as 1-2 days (5, 27 ) and up to 6 mo (16, 26) after the initial bout, results in less muscle damage, which is typically indicated by faster recovery of maximal voluntary isometric contraction (MVC) strength and range of motion (ROM), reduced muscle soreness, and smaller increases in muscle proteins in the circulation, such as creatine kinase (CK) and myoglobin (22) . This adaptation is known as the repeated-bout effect (6, 22) , and a combination of neural, mechanical, and cellular adaptations has been postulated, but its underlying mechanisms have not been fully understood (22) .
A neural mechanism proposed for the repeated-bout effect is a greater activation of muscle fibers during eccentric exercise in the second than the first bout (22) ; however, studies investigating the neural theory have not found a significant difference in myoelectrical activity assessed by surface electromyogram (EMG) amplitude between bouts (16, 41) . Using nearinfrared spectroscopy (NIRS), our previous study (23) showed that changes in biceps brachii oxygenation and hemodynamic values were smaller during maximal eccentric than concentric contractions of the elbow flexors. Since muscle force output was greater for eccentric than concentric contractions, the smaller changes in oxygenation/hemodynamic values were interpreted to represent lower muscle activation during maximal eccentric than concentric contractions. The greater force production per activated muscle fibers in eccentric than concentric contractions is considered to be a primary cause of eccentric exercise-induced muscle damage (17) .
It has been also documented that eccentric exercise-induced muscle damage is associated with ischemia-reperfusion injury or free radical damage (36) and insufficient ATP availability to control intracellular calcium concentration (38) . Thus it may be that muscle blood flow/oxygenation during eccentric exercise might be better maintained during the second bout compared with the first bout, thereby providing a better maintenance of oxidative energy metabolism during the second bout that results in less muscle damage. NIRS provides the information relating to muscle blood flow/oxygenation (23) ; however, no previous study has used NIRS to investigate the repeated-bout effect. It was expected that a combination of EMG and NIRS could provide a better picture of potential differences in muscle activation/oxygenation between the first (ECC1) and second eccentric exercise (ECC2) bouts and shed light on the underlying mechanisms of eccentric exercise-induced muscle damage and the repeated-bout effect.
Previous studies (1, 9, 23) utilized NIRS to monitor changes in muscle oxygenation during a standardized exercise task following a single eccentric exercise bout. Ahmadi et al. (1) reported a 30 -40% reduction in biceps brachii oxygenation during sustained isometric contraction tasks at 50% of the preexercise MVC and 80% MVC over 6 days following maximal eccentric exercise of the elbow flexors. Davies et al. (9) showed a slower rate of decrease in vastus lateralis oxygen-ation during the initial 20-s transition from baseline to nearmaximal cycling intensity 2 days after eccentric squat exercise. Since previous studies (20, 40) indicated that muscle mitochondrial function was not impaired in eccentric exerciseinduced muscle damage, the changes in muscle oxygenation during exercise after muscle damage are likely attributable to an increase of blood flow/oxygen (O 2 ) supply caused by microcirculatory dysfunction (18) and/or inflammation (19) . Our previous study (23) compared maximal eccentric and concentric exercise of the elbow flexors for changes in biceps brachii oxygenation during sustained (10-s) and a 30-repeated (1-s contraction) isometric contractions tasks at MVC intensity following the exercise for 3 days. The study showed that the force outputs and biceps brachii oxygenation were significantly decreased at 1-3 days after eccentric exercise compared with preexercise levels, but this was not seen after concentric exercise. It appeared that the decreases in biceps brachii oxygenation after eccentric exercise were mainly attributed to a smaller muscle mass activated as a consequence of muscle damage. Previous studies that monitored changes in biceps brachii myoelectrical activity after eccentric exercise have reported that EMG amplitude during MVCs recovers to preexercise levels by 1 day (8, 11, 30, 35) , but remains higher than preexercise levels at 1 day postexercise during sustained isometric contractions at low to moderate intensities (8, 11) . It is not known how the magnitude of muscle damage affects the changes in muscle oxygenation and myoelectrical activity following eccentric exercise.
The first aim of this study was to compare changes in biceps brachii oxygenation and hemodynamics, together with torque and myoelectrical activity during maximal eccentric exercise of the elbow flexors between the ECC1 and ECC2 bouts. We hypothesized that changes in biceps brachii oxygenation and hemodynamics would be smaller during ECC2 compared with ECC1, but the torque and myoelectrical activity would be similar between bouts. The second aim of this study was to determine how the repeated-bout effect was reflected in the changes in biceps brachii oxygenation and myoelectrical activity during sustained and repeated isometric contraction tasks at a fixed lower torque level (30% of preexercise MVC) and a relative maximal torque level (100% MVC) for 4 days following ECC1 and ECC2. We hypothesized that the recovery of biceps brachii oxygenation and myoelectrical activity would be faster after ECC2 than ECC1.
METHODS

Subjects
Ten men participated in this study, and their mean (ϮSD) age, height, and body mass were 29.2 Ϯ 7.1 yr, 175.2 Ϯ 7.6 cm, and 70.4 Ϯ 9.0 kg, respectively. All subjects had no known metabolic or neuromuscular disorders, nor any upper extremity muscle or joint injuries. None of the participants had taken part in any resistance training exercise of the elbow flexors at least 6 mo before starting the study. Participants were requested to avoid taking any anti-inflammatory medication during the study period. The study was approved by the Institutional Human Research Ethics Committee, and the study was conducted in conformity with the Declaration of Helsinki. A written, informed consent form was signed by each subject.
Study Design
All subjects performed the ECC1 and ECC2 bouts of maximal eccentric exercise of the elbow flexors of one arm separated by 4 wk (Fig. 1) . The use of the left or right arm, and dominant or nondominant arm, for ECC1 was randomized and counterbalanced among subjects. The experimental period for each session included 5 consecutive days; 1 exercise/testing day and 4 postexercise testing days. For the first purpose of the study, the dependent variables consisted of torque, biceps brachii oxygenation and hemodynamic parameters, and myoelectrical activity during exercise. For the second purpose of the study, the dependent variables included MVC torque, ROM, muscle soreness, and plasma CK activity as markers of muscle damage, and torque, biceps brachii oxygenation, and myoelectrical activity during a sustained (10-s) and a 30-repeated (1-s contraction, 1-s relaxation) isometric task at 30% of preexercise MVC (30% MVC) and MVC intensity (100% MVC). The dependent variables, except for muscle soreness and plasma CK activity, were taken immediately before and after, and for 1-4 days following, ECC1 and ECC2. Muscle soreness and plasma CK activity were measured at all time points, except for immediately postexercise. The eccentric exercise protocol and dependent variables have been used in our laboratory's previous studies (23, 28) .
Experimental Setup and Eccentric Exercise
Each subject was seated on a preacher arm curl bench, which placed the upper arm at 45°shoulder flexion. The elbow joint was aligned with the axis of rotation of an isokinetic dynamometer (Cybex 6000, Lumex, Ronkonkoma, NY) operated by HUMAC-2004 software (Computer Sports Medicine, Stoughton, MA), and the lever arm of the dynamometer was secured to the subject's wrist in a supinated position. The eccentric exercise consisted of 10 sets of 6 maximum voluntary lengthening contractions of the elbow flexors at a constant velocity of 90°/s. In each contraction, the subject's elbow joint was forcibly extended from a flexed position (90°) to a fully extended position (180°) in 1 s, while the subject was verbally encouraged to maximally resist through the ROM. After each contraction, the isokinetic dynamometer returned the arm to the 90°flexed position at a constant velocity of 30°/s, creating a 3-s passive recovery between contractions. The rest period between sets was 2 min. The torque signals were collected onto a data-acquisition system (PowerLab Fig. 1 . Study protocol. During the first (ECC1) and second eccentric exercise bouts (ECC2) separated by 4 wk, elbow flexor torque, near-infrared spectroscopy (NIRS), and electromyography (EMG) measurements were continuously collected from the biceps brachii muscle. Before (Pre), immediately after (Post), and 1, 2, 3, and 4 days following exercise, plasma creatine kinase (CK) activity (no measurement at Post), muscle soreness by visual analog scale (VAS; no measurement at Post), range of motion (ROM), maximal voluntary isometric contraction (MVC) torque, and 10-s sustained isometric contraction at 30% of preexercise MVC, followed by 100% MVC, and 30-repeated (1-s contraction, 1-s relaxation) isometric contractions at 30% of preexercise MVC followed by 100% MVC were measured, in this order.
16/30 with Chart 5.5.5 software, AD Instruments, Bella Vista, NSW, Australia) at a sampling rate of 2 kHz.
NIRS
This study used a NIRO-200 oximeter (Hamamatsu Photonics K.K., Hamamatsu, Japan), which measures the O2-dependent absorption of hemoglobin (Hb) in the microcirculation blood vessels and myoglobin in the muscle cytoplasm (4); however, the contribution of myoglobin desaturation to the NIRS signal during dynamic exercise is still debated, but estimated to be Ͻ20% (13) . NIRS signals represent concentration changes in oxygenated-Hb (O 2Hb), deoxygenated-Hb (HHb), and total Hb (tHb) (O2Hb ϩ HHb) expressed in micromoles times centimeter, and an absolute measure of O2Hb saturation as tissue oxygenation index (TOI ϭ O2Hb/tHb ϫ 100) expressed in percentage using spatially resolved spectroscopy methods (37) . It has been shown that scattering and path-length changes occurring during muscle contractions would contribute Ͻ10% in the calculation of changes in O 2Hb, HHb, and tHb (34) . In addition, tissue scattering does not affect TOI, since the influence of scattering is eliminated in the calculation of TOI (37) . Thus TOI reflects the dynamic balance of O 2 supply by the microcirculation and O2 consumption by the mitochondria (15, 21) . Changes in tHb provide a qualitative indicator of local muscle blood flow/O2 supply (13) . The theoretical basis, application, and limitations of NIRS have been previously reviewed (3, 13, 25) .
The NIRO-200 optical probe unit consists of one emitter (with three laser-emitting diodes; 775, 810, and 850 nm) and one detector (with two silicon photodiodes separated by a 3.7-and 4.3-cm centerto-center distance), separated by a center-to-center distance of 4 cm. The optical probe unit supported by a black rubber shell was firmly attached to the skin at the medial side over the midbelly of the biceps brachii muscle parallel to the major axis of the arm by a double-sided adhesive tape. The rubber shell was covered by a soft black cloth, and all wires were taped down to minimize movement during exercise. The position for the placement of the NIRO-200 probe on the arm was recorded during the first testing day of ECC1, and the placement was matched over the subsequent testing sessions and during ECC2.
A B-mode ultrasound apparatus fitted with a 7.5-MHz linear probe (SSD-1000, Aloka, Tokyo, Japan) was used to measure the subcutaneous fat layer thickness of the area over which the NIRS probe unit was placed. This procedure was undertaken since adipose tissue thickness has been reported to affect NIRS measurement sensitivity (21) . However, no significant difference in the fat thickness between ECC1 (2.1 Ϯ 0.7 mm) and ECC2 (2.2 Ϯ 0.8 mm) was found, and no changes in the fat thickness were observed before and 1-4 days following exercise. Considering that the fat thickness was relatively low, and the penetration depth of the NIRS signal is approximately one-half (ϳ2 cm) of the emitter-detector separation (4 cm) (12, 18) , the changes in TOI and tHb can be considered to reflect mainly the biceps brachii muscle metabolic and hemodynamic changes, respectively (12) .
Before each testing session, an initialization procedure on the NIRO-200 was carried out, which sets each laser power automatically to establish the optimum measurement conditions. The zero set procedure was also adopted to return the tHb to the zero value. This procedure does not affect the TOI values, since TOI is measured as absolute values instead of a change with respect to the arbitrary initial zero value. NIRS signals were sampled at 6 Hz by the NIRO-200.
EMG
Myoelectrical activity was recorded continuously from the midbelly of the biceps brachii muscle using pregelled 10-mm-diameter Ag-AgCl disposable surface electrodes (Medi-trace, Tyco Healthcare, Chicopee, MA). To obtain low impedance (Ͻ5 k⍀) between electrodes, the skin was cleansed with an abrasive alcohol swab, and the EMG electrodes were placed 2 cm apart in bipolar configuration over the midbelly of biceps brachii muscle lateral to the NIRO-200 optical probe. The NIRS probe and EMG electrodes were placed symmetrically on both sides of muscle belly midline. A reference electrode was placed on the lateral epicondyle of the humerus. The positions of the electrodes were marked carefully on the skin to ensure the same electrode location in subsequent testing sessions. EMG signals were amplified and filtered 5-500 Hz using a Dual Bio Amp (AD Instruments), were collected simultaneously with the torque and NIRS signals using the PowerLab data-acquisition system at a sampling rate of 2 kHz, and were stored on a computer for subsequent analysis. EMG signal amplitude was determined using a root-mean-square calculation (EMG RMS).
MVC Torque
MVC torque was determined on the same apparatus and positioning as that used for the eccentric exercise session. Each subject performed two 3-s MVCs at 90°elbow angle with a 45-s rest between contractions, and the peak torque of the two contractions was used as the MVC torque. The average EMGRMS was calculated in 1-s epochs over the contraction duration.
Elbow ROM
To examine the elbow joint ROM, two elbow joint angles were measured using a plastic goniometer. Extended joint angle was recorded when the subject attempted to fully extend the joint, with the elbow held by their side and the hand in midpronation. Flexed joint angle was determined when subjects attempted to fully flex the joint to touch their shoulder with the palm of the hand. ROM was determined by deducting the flexed from extended joint angle. For reproducibility of measurements, a semi-permanent ink mark was placed on the acromion process, lateral epicondyle of the humerus, and the styloid process of the radius. Two measurements were taken for the flexed and extended joint angles, and the mean value of the two was used to determine ROM.
Muscle Soreness
Muscle soreness was assessed using a 100-mm visual analog scale, where 0 mm indicates "no pain", while 100 mm was an indication of "worst pain". Subjects were instructed to place a mark on the 100-mm line while the investigator palpated the midbelly of the biceps at a region 9 cm from the elbow crease. Palpation was performed by the same investigator for all subjects using the distal portions of the index and forefingers in a circular motion over the site.
Plasma CK Activity
Approximately 5 ml of blood were drawn by a standard venipuncture technique from an antecubital vein. Approximately 30 l of blood were pipetted onto a test strip and assayed in duplicate by a spectrophotometer (Reflotron, Boehringer-Manheim, Pode, Czech Republic). Before each testing session, quality control (calibration) measurements were undertaken according to the manufacturer's recommendations. The "normal" reference range for CK activity, as provided by the manufacturer for this method, is 24 -195 IU/l.
Sustained and Repeated Isometric Contraction Tasks
Sadamoto et al. (33) showed that blood flow/O 2 supply to the biceps brachii was completely impeded during sustained isometric contractions at 50% MVC, due to increased intramuscular pressure compressing blood vessels. Therefore, changes in muscle oxygenation during sustained isometric contractions Ͼ50% MVC could primarily provide information on muscle O 2 consumption, which is a measure of the energy consumption for muscle force production (10) . During repeated isometric contractions, in contrast, reoxygenation is permitted during the relaxation phases; therefore, the changes in muscle oxygenation provide additional information on the regulation of O2 supply to meet the muscle metabolic demand for O2 (39) .
In the present study, two different intensities were set for the isometric tasks: 30% of preexercise MVC (i.e., same absolute torque values) and 100% MVC. The 30% MVC was chosen to enable the subjects to produce the torque over all testing sessions, since MVC was expected to be decreased by 40 -50% after eccentric exercise based on the previous studies (23, 27, 28) . Based on the MVC from the preexercise testing session, a line representing 30% MVC target torque level was displayed on the computer screen, along with the actual torque output, which ensured real-time feedback on torque levels to the experimenter and subject. After 90 s of recovery from the MVC measure, subjects performed a 10-s sustained isometric contraction task at 30% MVC, followed by a 10-s sustained isometric contraction at 100% MVC, separated by a 90-s rest. After a 180-s rest, subjects performed a 30-repeated (1-s contraction, 1-s relaxation) isometric contractions task (60-s duration) at 30% MVC. Following a 150-s rest, subjects performed a 30-repeated (1-s contraction, 1-s relaxation) isometric contractions task at 100% MVC. The torque output was indicated visually on a computer screen as feedback, and the tone from the computer indicated the timing of the contraction and relaxation for the repeated contractions. Figure 2 shows typical torque, TOI, tHb, and EMG changes during six maximal eccentric contractions of a set of a subject. The average torque integral and peak torque of the six contractions were calculated for each set and used for further analysis. The average EMG RMS was calculated for the whole ROM (90°), similar to the calculation of torque integral. The baseline of TOI and tHb was determined as the mean value over 6 s before the onset of the first contraction for each set. Baseline TOI values of the biceps brachii muscle ranged from 60 to 70% (i.e., the fraction of Hb that is bound by O 2); similar values have been reported in previous studies (12, 23, 24) . TOI and tHb measurements for each set are presented as the magnitude of change (⌬) from the respective baseline, which was offset to 0 (i.e., ⌬TOI and ⌬tHb, respectively). Minimum ⌬TOI desaturation amplitude (⌬TOI min) was determined as the difference between the minimum TOI value reached during the six contraction phases and TOI baseline before the first contraction. Average decrease of the tHb amplitude (⌬tHb mean) was calculated from the average of the differences between the minimum ⌬tHb amplitude reached during the six contraction phases and the corresponding baseline value of the first contraction. Average increase of the tHb amplitude (⌬tHb max) was the average of the differences between the maximum ⌬tHb amplitude reached during the six relaxation phases and the corresponding baseline value of the first contraction. Figure 3 shows typical changes in torque, ⌬TOI, and EMG during the sustained task (A) and repeated task (B) at 30% MVC and 100% MVC shown by a subject. The torque integral was determined as the area under the torque traces over the contraction duration for the sustained task and the sum of the area under the torque traces during each of the 30 contractions for the repeated task. The average EMG RMS was calculated over the same contraction duration. The baseline of TOI was determined as the mean value over 30-s before the onset of contraction. Since the baseline was stable, the TOI baseline was offset to 0, and TOI is presented as the magnitude of change from the respective baseline. ⌬TOImin was determined as the difference between the minimum TOI value reached during the contraction phase (sustained task), or during the 30 contractions and TOI baseline. Our laboratory's previous study (24) showed that TOI baseline and ⌬TOImin during both sustained and repeated tasks at 30% MVC and 100% MVC were reliable parameters within day (3 h) and between days (2 days).
Data Analyses
Statistical Analyses
All variables were checked for normality using a Shapiro-Wilk test. Since muscle soreness and CK data were not normally distributed, nonparametric tests were used for these analyses. Changes in average torque integral and peak torque, NIRS parameters (⌬TOImin, ⌬tHbmean, and ⌬tHb max), and average EMGRMS over the 10 sets were compared between ECC1 and ECC2 by a two-way repeated-measures ANOVA. When a significant effect for set was found, post hoc pairwise comparisons were performed using Fisher least significant difference tests. The preexercise values of MVC torque, ROM, and torque integral, TOI baseline, ⌬TOImin, and EMGRMS were compared between ECC1 and ECC2 by a Student t-test, and a Mann-Whitney test was used for CK and muscle soreness. Changes in MVC torque, ROM, and torque integral, TOI baseline, ⌬TOImin, and EMGRMS during the sustained and repeated tasks at 30% MVC and 100% MVC measured before and after and 1-4 days following exercise were compared between ECC1 and ECC2 by a two-way repeated-measures ANOVA. When the ANOVA returned a significant main effect for time, separate one-way repeated-measures ANOVAs with Fisher least significant difference pairwise comparisons were applied to the data of each session to locate any significant differences from the preexercise value. Changes in muscle soreness and plasma CK activity before and 1-4 days following exercise were analyzed using nonparametric methods (Friedman, Mann-Whitney, and Wilcoxon tests). Pearson product-moment correlation coefficient was used to analyze the relationship between the normalized changes in MVC torque from baseline and ⌬TOImin, as well as EMGRMS during the sustained and repeated tasks after ECC1 and ECC2 using the pooled data of 1-4 days postexercise (N ϭ 40). Statistical computations were performed using SPSS software (version 15, SPSS Lead Technologies, Chicago, IL). Significance was set at P Ͻ 0.05. Data are presented as means Ϯ SD.
RESULTS
Comparison Between ECC1 and ECC2 During Exercise
Changes in torque integral, ⌬TOI min , ⌬tHb mean , ⌬tHb max , and EMG RMS over the 10 sets (average of each set) during ECC1 and ECC2 are shown in Fig. 4 . No significant differences between bouts were evident for the changes in any of the variables; however, significant changes over sets were found for all variables. The torque integral significantly decreased progressively from the 1st to the 10th set for both bouts. Peak eccentric torque values followed the same pattern as torque integral data, and peak torque significantly decreased from 49.8 Ϯ 14.1 Nm in the 1st set to 34.6 Ϯ 13.0 Nm in the 10th set. Significant increases in ⌬TOI min and decreases in EMG RMS from the first set were evident from the fifth and sixth set onwards, respectively. ⌬tHb max and ⌬tHb mean significantly increased from the third set after the fourth and fifth set, respectively.
Comparison Between ECC1 and ECC2 Following Exercise
MVC torque and EMG, ROM, muscle soreness, and plasma CK activity. Changes in MVC torque, ROM, muscle soreness (visual analog scale), and plasma CK activity before and after ECC1 and ECC2 are shown in Fig. 5 . There were no significant differences between ECC1 and ECC2 for any of the preexercise values. Immediately after exercise, although the absolute MVC torque was not significantly different between ECC1 and ECC2, the MVC torque decrement from preexercise was significantly greater for ECC1 (Ϫ58.4 Ϯ 12.6%) than ECC2 (Ϫ48.8 Ϯ 10.2%). The recovery of MVC torque was significantly faster 1-4 days after ECC2 than ECC1 (Fig. 5A ). No significant difference was evident for EMG RMS during MVC between ECC1 and ECC2 measured at preexercise (1.24 Ϯ 0.46 vs. 1.25 Ϯ 0.41 mV), immediately after (0.87 Ϯ 0.33 vs. 0.85 Ϯ 0.28 mV), and 1-4 days after (1.01-1.15 vs. 1.10 -1.22 mV) exercise. However, maximal EMG RMS immediately postexercise was significantly lower than the respective preexercise value after both bouts.
ROM decreased significantly from preexercise values 1-4 days after ECC1 and ECC2; however, the recovery of ROM was significantly faster after ECC2 than ECC1 (Fig. 5B) . Increases in plasma CK activity were significantly smaller following ECC2 compared with ECC1 (Fig. 5C ). Muscle soreness increased significantly from preexercise values 1-4 days after ECC1 and ECC2; however, the magnitude of muscle soreness was significantly smaller for ECC2 than ECC1 at days 2-4 (Fig. 5D) .
Torque, TOI, and EMG during sustained and repeated isometric contraction tasks. TOI baseline before the 30% MVC tasks, and preexercise torque integral, ⌬TOI min , and EMG RMS values during the 30% MVC tasks were not significantly different between ECC1 and ECC2. Figure 6 shows the mean changes in toque integral, ⌬TOI min , and EMG RMS during the sustained and repeated tasks at 30% MVC after ECC1 and ECC2. Immediately postexercise, five and seven subjects were unable to reach the target torque consistently for the sustained and repeated task, respectively, because of a large decrease in MVC torque after ECC1. Therefore, the data for this time point are not included in Fig. 6 . The torque integral and ⌬TOI min during the sustained and repeated tasks did not change significantly from the preexercise values 1-4 days after both ECC1 and ECC2. However, EMG RMS was significantly increased from the preexercise value for 4 days after both ECC1 and ECC2; at 1 day only, EMG RMS during the sustained task was significantly smaller for ECC2 than ECC1. The percent changes in MVC torque were significantly correlated with the percent changes in EMG RMS during the sustained and repeated task at 30% MVC measured 1-4 days after ECC1 (r ϭ Ϫ0.45 and Ϫ0.39, respectively) and ECC2 (r ϭ Ϫ0.53 and Ϫ0.49, respectively).
TOI baseline for the 100% MVC tasks was not significantly different between ECC1 and ECC2, and preexercise values in torque integral, ⌬TOI min , and EMG RMS during the 100% MVC tasks were similar between bouts. Figure 7 shows the mean changes in torque integral, ⌬TOI min , and EMG RMS during the sustained and repeated task at 100% MVC after ECC1 and ECC2. For the sustained 100% MVC task (Fig. 7A) , the percent decrease in torque integral from preexercise values was significantly smaller following ECC2 (Ϫ28.5 Ϯ 11.0%) compared with ECC1 (Ϫ51.6 Ϯ 10.8%) at 1 day postexercise and was still significantly smaller at the 4th day for ECC2 (Ϫ15.2 Ϯ 8.2%) compared with ECC1 (Ϫ31.5 Ϯ 13.8%). ⌬TOI min was significantly smaller than preexercise values at 4 days after ECC1 and at 3 days after ECC2; however, changes in ⌬TOI min were significantly smaller at 1-2 days after ECC2 than ECC1. The percent changes in MVC torque were significantly correlated to the percent changes in ⌬TOI min during the sustained 100% MVC task measured 1-4 days after ECC1 (r ϭ 0.62) and ECC2 (r ϭ 0.45). EMG RMS was not significantly changed from preexercise values, and there was no significant difference between ECC1 and ECC2.
In the repeated 100% MVC task (Fig. 7B) , the decrement in torque integral from preexercise values was significantly smaller after ECC2 (Ϫ32.8 Ϯ 7.8%) than ECC1 (Ϫ51.4 Ϯ 13.0%) and was still significantly smaller at 4 days after ECC2 (Ϫ14.7 Ϯ 6.8%) compared with ECC1 (Ϫ27.1 Ϯ 10.8%). ⌬TOI min was significantly smaller than preexercise values for 3 days after ECC1 and 2 days after ECC2, and ⌬TOI min was significantly smaller for ECC2 than ECC1 at 1 day postexercise. The percent changes in MVC torque were significantly correlated with the percent changes in ⌬TOI min during the repeated 100% MVC task measured 1-4 days after ECC1 (r ϭ 0.44) and ECC2 (r ϭ 0.53). No significant changes in EMG RMS from preexercise values were evident after ECC1 and ECC2.
DISCUSSION
To the best of our knowledge, this is the first study investigating changes in muscle oxygenation/blood flow and myoelectrical activity simultaneously in relation to the repeatedbout effect. The torque and EMG RMS during the eccentric exercise were not different between ECC1 and ECC2, which indicates that both eccentric exercise bouts were performed similarly. However, the similar changes in ⌬TOI min , ⌬tHb mean , and ⌬tHb max during ECC1 and ECC2 did not support the first hypothesis that muscle oxygenation and hemodynamics during the eccentric exercise would be different between bouts. This suggests that no significant differences in muscle activation and muscle oxidative metabolism exist between the eccentric exercise bouts; thus these factors are not the main mechanisms responsible for the repeated-bout effect. Following ECC1 and ECC2, the recovery in MVC torque, ROM, muscle soreness, and plasma CK activity was faster after ECC2 than ECC1, showing typical repeated-bout effect responses. During the isometric tasks at 30% of preexercise MVC, the torque and ⌬TOI min responses 1-4 days after ECC1 and ECC2 were not different, but the recovery of EMG RMS was faster after ECC2 than ECC1. During the isometric tasks at 100% MVC intensity, the EMG RMS value 1-4 days after ECC1 and ECC2 was not different, but the recovery of torque and ⌬TOI min responses was faster after ECC2 than ECC1. These results supported the second hypothesis that the biceps brachii oxygenation and myoelectrical activity would recover faster to the preexercise levels following ECC2 than ECC1.
Comparison Between ECC1 and ECC2 During Exercise
The similar changes in peak eccentric torque production and torque integral over 10 sets between ECC1 and ECC2 (Fig. 4) indicate that the two bouts were similarly performed. The changes in ⌬TOI min and EMG RMS over the 10 sets were also similar between bouts, suggesting no difference in the biceps brachii muscle metabolic demand for O 2 and muscle activation between bouts. The similar ⌬tHb mean and ⌬tHb max responses between the two bouts suggest that a similar blood volume was displaced out of the muscle during the contraction phases, and no increases in muscle blood volume were induced during the relaxation phases. This may indicate that the metabolic demand for O 2 and hemodynamic responses was low during eccentric contractions and was not different between the two eccentric exercise bouts. These findings agree with the data of our previous study (23) that showed a lower biceps brachii metabolic demand for O 2 during maximal eccentric contractions compared with maximal concentric contractions of the elbow flexors. Thus it is unlikely that metabolic mechanisms of ATP insufficiency (38) and/or ischemia-reperfusion (36) would be the main factors responsible for eccentric exercise-induced muscle damage and repeated-bout effect.
A lower muscle activation for greater force production has been documented as the primary cause for the greater muscle damage after eccentric contractions than other types of contractions (6) . It has been postulated that the repeated-bout effect is attributed to a greater recruitment of slow-twitch fibers during the ECC2 bout compared with the first bout, thereby better distributing the workload among the muscle fibers (22) . However, previous studies (16, 41) showed that EMG amplitude was similar between the ECC1 and ECC2 bouts, which was also found in the present study. Beltman et al. (2) reported that maximal eccentric contractions resulted in a similar metabolic stress (PCr-to-Cr ratio) of all muscle fiber populations from biopsy data. This would indicate that all slow-and fast-twitch muscle fibers were activated during maximal eccentric contractions; thus the proposition that a greater recruitment of slow-twitch fibers during the second bout is an unlikely mechanism to explain the repeated-bout effect. The present study showed no difference between ECC1 and ECC2 for changes in torque, EMG RMS , ⌬TOI min , tHb mean , and ⌬tHb max . Assuming that sarcolemmal excitability was similarly influenced during ECC1 and ECC2, these findings suggest that the biceps brachii muscle fibers seemed to be activated similarly between bouts, which resulted in similar oxidative metabolic responses. Thus it does not appear that the repeated-bout effect is mediated by greater muscle activation and/or altered oxidative metabolic responses. The present findings support indirectly that peripheral structural adaptations, such as increased connective tissue, increased number of sarcomeres in series, and adaptations in excitation-contraction (E-C) coupling are the main mechanisms underlying the repeated-bout effect (22) .
Comparison Between ECC1 and ECC2 Following Exercise
The faster recovery of MVC torque, ROM, muscle soreness, and plasma CK activity following ECC2 than ECC1 (Fig. 5) showed typical repeated-bout effect responses, as reported in previous studies (6, 22) . The present study set a lower intensity absolute target torque (30% of preexercise MVC), which was not included in our previous study (23) , along with a maximal intensity relative target torque (100% MVC) for the sustained and repeated isometric contraction tasks to assess whether the changes in biceps brachii oxygenation and activation following eccentric exercise were related to the differences in the magnitude of muscle damage between bouts (i.e., repeated-bout effect). The magnitude of decrease in torque integral during the sustained and repeated isometric contractions at 100% MVC (Fig. 7) following both ECC1 and ECC2 was similar to that of MVC torque (Fig. 5A) . Because of the large decrease in MVC torque following the eccentric exercise, the relative intensity of the 30% MVC tasks increased. Although all subjects were able to perform the 30% MVC tasks 1-4 days following the eccentric exercise, several subjects were unable to perform these tasks immediately after the eccentric exercise, because of a large decrease in MVC torque, which influenced their ability to match the 30% of preexercise MVC target torque. However, the postexercise recovery data from 1-4 days provide the relevant information to determine the influence of the magnitude of muscle damage on biceps brachii oxygenation and activation, although the immediately postexercise time point appeared to reflect more metabolic fatigue than muscle damage.
In the present study, no significant changes in ⌬TOI min during the sustained and repeated 30% MVC tasks were evident 1-4 days following ECC1 (Fig. 6 ). This finding contrasts the study by Ahmadi et al. (1), who reported that biceps brachii oxygenation was reduced compared with preexercise levels during a sustained isometric task at 50% of preexercise MVC for 4 days after eccentric exercise. The difference in the duration and intensity of the sustained isometric task between the Ahmadi et al. study (20 s at 50% MVC) and the present study (10 s at 30% MVC) might be a reason for the discrepancy in biceps brachii oxygenation results. It could be that the 50% MVC target torque in the Ahmadi et al. study may have been too high, since relative intensity of the 50% MVC absolute torque after eccentric exercise would be Ͼ80% MVC, while, in the present study, the relative intensity would be Ͻ50% MVC based on a 40% MVC torque decrement.
A novel finding of this study was that, during the sustained and repeated tasks at the same absolute torque level (30% of preexercise MVC), although ⌬TOI min was unchanged, EMG RMS was increased above preexercise levels for 4 days following both eccentric exercise bouts, and the recovery of EMG RMS to preexercise values was faster after ECC2 than ECC1 (Fig. 6) . These findings confirm the previous studies reporting that EMG amplitude increased during submaximal sustained isometric tasks at 1 day after eccentric exercise of the elbow flexors (8, 11, 30, 35) , although the submaximal force level was relative to the postexercise MVC torque in these studies, while, in the present study, the submaximal force task was an absolute value (30% of preexercise MVC). Moreover, this was the first study to show that the greater increases in myoelectrical activity corresponded with greater strength decrements and vice versa (Figs. 5 and 6 ). The nonsignificant changes in ⌬TOI min following both eccentric exercise bouts (Fig. 6 ) appear to indicate that a similar amount of O 2 was consumed relative to O 2 supply to produce the 30% MVC target torque. This suggests that biceps brachii oxygenation processes were not affected during the isometric task at 30% MVC, despite a decrease in neuromuscular efficiency that was indicated by the increase in EMG RMS relative to torque output. It appears that greater activation of the biceps brachii was required to produce the fixed torque output (30% preexercise MVC) following eccentric exercise, and that the lower magnitude of increase in biceps brachii activation was associated with the repeated-bout effect.
In the present study, a possible scenario for the increased EMG RMS with unchanged ⌬TOI min during the 30% MVC tasks following the ECC1 bout was that additional muscle fibers were recruited, and/or the firing rate of the already recruited muscle fibers was increased (11) to compensate for the damaged fibers unable to produce force, and this may be partly related to low-frequency fatigue (8) . Since less muscle damage was induced after the ECC2 than the ECC1 bout, a faster recovery of neuromuscular efficiency was likely to have occurred after the second bout than the first bout. In this scenario, it is possible that the muscle fibers that were damaged in the initial eccentric exercise bout were still producing action potentials along the sarcolemma at a slower rate (11), but they were unable to contribute to force production (30); thus no further oxidative metabolic demand was necessary. Further research is needed to confirm these speculations.
Another novel finding of the present study was that the recovery of ⌬TOI min during the repeated 100% MVC task was significantly faster in the 1-4 days after ECC2 compared with ECC1 (Fig. 7) . This suggests that either O 2 supply was increased and/or O 2 demand was decreased to a greater extent to perform the repeated 100% MVC task after ECC1 compared with ECC2. During a near-maximal intensity cycling task performed 2 days after eccentric exercise, Davies et al. (9) showed an increase in muscle blood flow/O 2 supply relative to O 2 demand, as indicated by a slower rate of vastus lateralis deoxygenation with unchanged pulmonary O 2 consumption. They suggested, based on a previous animal study showing microcirculation dysfunction after eccentric exercise (18) , that an increase in blood flow/O 2 supply would compensate for the dysfunction of the microcirculation vessels unable to supply O 2 and, therefore, maintain blood-muscle O 2 flux during the muscle contractions. Laaksonen et al. (19) showed an increase in quadriceps muscle blood flow with unchanged O 2 consumption during a dynamic exercise task at 10% MVC at 3 days after a single-leg jump squat exercise and explained that the increase in O 2 supply after eccentric exercise was the consequence of an inflammatory response caused by tissue damage. As shown in Fig. 5C , no increases in plasma CK activity following ECC2 would suggest no muscle necrosis after ECC2 and, consequently, less inflammation; however, caution needs to be followed when directly relating increases in plasma CK activity to muscle fiber necrosis (6) . Nevertheless, these findings suggest that the smaller changes in biceps brachii oxygenation during the repeated 100% MVC task following ECC2 than ECC1 (Fig. 7B ) may be partially explained by a blunted inflammatory vasodilatory response.
Ahmadi et al. (1) reported smaller changes in biceps brachii oxygenation compared with preexercise levels during a sustained isometric task at 80% MVC for 1 day after eccentric exercise of the elbow flexors. The present study and our previous study (23) using 100% MVC instead of 80% MVC confirmed their findings. Ahmadi et al. (1) explained the smaller change in biceps brachii oxygenation as the consequence of 1) mitochondrial damage that reduced O 2 consumption, and 2) inflammatory vasodilation increasing O 2 supply. It was likely that O 2 supply was prevented during the sustained isometric task in their study as well as in the present study, since blood flow to the biceps brachii is completely prevented Ͼ50% MVC (33) . Considering that previous studies found no impairment in muscle mitochondrial oxidative function (20, 40) after eccentric exercise-induced muscle damage, the smaller changes in biceps brachii oxygenation during the sustained and repeated MVC tasks after ECC1 and ECC2 in the present study would be primarily related to a lower O 2 consumption of the activated biceps brachii muscle fibers as a consequence of strength loss (23) .
Previous studies have shown impairments in voluntary activation of the biceps brachii muscle assessed via motor nerve stimulation measured up to 1 day after eccentric exercise of the elbow flexors (31, 32) . In the present study, EMG RMS during the MVC was recovered by 1 day after both ECC1 and ECC2, and no significant changes in EMG RMS during the sustained and repeated 100% MVC tasks were found at any time points after both bouts (Fig. 7) . Previous studies have reported that the biceps brachii maximum compound action potential (M-wave) was unchanged (14) or, when decreased, recovers to baseline values 2 h postexercise (30) after maximal eccentric exercise of the elbow flexors. Thus it is likely that sarcolemmal excitability was not altered 1-4 days following ECC1 and ECC2 in the present study. Therefore, the unchanged EMG RMS during MVC, as well as the sustained and repeated 100% MVC tasks 1-4 days after ECC1 and ECC2 suggest that voluntary activation and neuromuscular propagation failure were not the primary factors responsible for the reduced MVC torque in the days following both eccentric exercise bouts. MVC decrement has been shown to result primarily (Ն70%) from E-C coupling failure at a site between the T-tubule dihydropyridine receptor and sarcoplasmic reticulum ryanodine receptor (7, 42) . In the present study, it seems likely that E-C coupling failure was less following ECC2 than ECC1 (7). Moreover, we found significant correlations between the recovery (%change from baseline) of MVC torque and ⌬TOI min during both sustained and repeated 100% MVC tasks 1-4 days after ECC1 and ECC2. Thus the faster recovery of biceps brachii oxygenation and myoelectrical activity following ECC2 than ECC1 was simply a reflection of the faster recovery of maximal muscle force producing capacity (e.g., E-C coupling) following the ECC2 than the ECC1 bout.
It is concluded that muscle activation (EMG RMS ), oxygenation (⌬TOI min ), and hemodynamics (⌬tHb mean and ⌬tHb max ) during eccentric exercise are not different between the ECC1 and ECC2 bouts, suggesting that muscle activation and metabolic/hemodynamic factors are not the main mechanisms to explain the repeated-bout effect. Along with a faster recovery of strength and other markers of muscle damage after the ECC2 than the ECC1 bout, the repeated-bout effect was evidenced as a faster recovery of biceps brachii oxygenation and activation toward baseline levels, which would most likely stem from the faster recovery of force-generating capacity.
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